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An anodized layer formation method of an embodiment of the
present invention includes the steps of: (a) providing an alu-
minum base which has a surface that is made of aluminum;
(b) anodizing the surface to form a barrier-type alumina layer;
and (c) after step (b), further anodizing the surface to form a
porous alumina layer which has a plurality of minute recessed
portions. According to an embodiment of the present inven-
tion, a method is provided that enables formation of a porous
alumina layer which has an interpore distance of a desired
magnitude with the use of an aluminum base which has a
surface that is made of aluminum, irrespective of the surface
form.
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1
METHOD FOR FORMING ANODIZED
LAYER, METHOD FOR PRODUCING MOLD,
METHOD FOR PRODUCING
ANTIREFLECTIVE FILM, AND MOLD AND
ANTIREFLECTIVE FILM

TECHNICAL FIELD

The present invention relates to a method of forming an
anodized layer, a method of fabricating a mold, and a mold. In
this specification, the “mold” includes molds that are for use
in various processing methods (stamping and casting), and is
sometimes referred to as a stamper. The mold can also be used
for printing (including nanoimprinting).

BACKGROUND ART

Display devices for use in TVs, cell phones, etc., and opti-
cal elements, such as camera lenses, etc., usually adopt an
antireflection technique in order to reduce the surface reflec-
tion and increase the amount of light transmitted there-
through. This is because, when light is transmitted through
the interface between media of different refractive indices,
e.g., when light is incident on the interface between air and
glass, the amount of transmitted light decreases due to, for
example, Fresnel reflection, thus deteriorating the visibility.

An antireflection technique which has been receiving
attention in recent years is forming over a substrate surface a
very small uneven pattern in which the interval of recessed
portions or raised portions is not more than the wavelength of
visible light (A=380 nm to 780 nm). See Patent Documents 1
to 4. The two-dimensional size of a raised portion of an
uneven pattern which performs an antireflection function is
not less than 10 nm and less than 500 nm.

This method utilizes the principles of a so-called moth-eye
structure. The refractive index for light that is incident on the
substrate is continuously changed along the depth direction of
the recessed portions or raised portions, from the refractive
index of a medium on which the light is incident to the
refractive index of the substrate, whereby reflection of a
wavelength band that is subject to antireflection is prevented.

The moth-eye structure is advantageous in that it is capable
of performing an antireflection function with small incident
angle dependence over a wide wavelength band, as well as
that it is applicable to a number of materials, and that an
uneven pattern can be directly formed in a substrate. As such,
a high-performance antireflection film (or antireflection sur-
face) can be provided at a low cost.

As the method of forming a moth-eye structure, using an
anodized porous alumina layer which is obtained by means of
anodization of aluminum has been receiving attention (Patent
Documents 2 to 4).

Now, the anodized porous alumina layer which is obtained
by means of anodization of aluminum is briefly described.
Conventionally, a method of forming a porous structure by
means of anodization has been receiving attention as a simple
method for making nanometer-scale micropores (minute
recessed portions) in the shape of a circular column in a
regular arrangement. An aluminum base is immersed in an
acidic electrolytic solution of sulfuric acid, oxalic acid, phos-
phoric acid, or the like, or an alkaline electrolytic solution,
and this is used as an anode in application of a voltage, which
causes oxidation and dissolution. The oxidation and the dis-
solution concurrently advance over a surface of the aluminum
base to form an oxide film which has micropores over its
surface. The micropores, which are in the shape of a circular
column, are oriented vertical to the oxide film and exhibit a

15

40

45

50

55

60

65

2

self-organized regularity under certain conditions (voltage,
electrolyte type, temperature, etc.). Thus, this anodized
porous alumina layer is expected to be applied to a wide
variety of functional materials.

A porous alumina layer formed under specific conditions
includes cells in the shape of a generally regular hexagon
which are in a closest packed two-dimensional arrangement
when seen in a direction perpendicular to the film surface.
Each of the cells has a micropore at its center. The arrange-
ment of the micropores is periodic. The cells are formed as a
result of local dissolution and growth of a coating. The dis-
solution and growth of the coating concurrently advance at
the bottom of the micropores which is referred to as a barrier
layer. As known, the size of the cells, i.e., the interval between
adjacent micropores (the distance between the centers), is
approximately twice the thickness of the barrier layer, and is
approximately proportional to the voltage that is applied dur-
ing the anodization. It is also known that the diameter of the
micropores depends on the type, concentration, temperature,
etc., of the electrolytic solution but is, usually, about ¥4 of the
size of the cells (the length of the longest diagonal of the cell
when seen in a direction vertical to the film surface). Such
micropores of the porous alumina layer may constitute an
arrangement which has a high regularity (periodicity) under
specific conditions, an arrangement with a regularity
degraded to some extent depending on the conditions, or an
irregular (non-periodic) arrangement.

Patent Document 2 discloses a method of producing an
antireflection film (antireflection surface) with the use of a
stamper which has an anodized porous alumina film over its
surface.

Patent Document 3 discloses the technique of forming
tapered recesses with continuously changing pore diameters
by repeating anodization of aluminum and a pore diameter
increasing process.

The applicant of the present application discloses, in Patent
Document 4, the technique of forming an antireflection film
with the use of an alumina layer in which minute recessed
portions have stepped lateral surfaces.

As described in Patent Documents 1, 2, and 4, by providing
an uneven structure (macro structure) which is greater than a
moth-eye structure (micro structure) in addition to the moth-
eye structure, the antireflection film (antireflection surface)
can be provided with an antiglare function. The two-dimen-
sional size of a raised portion of the uneven structure which is
capable of performing the antiglare function is not less than 1
um and less than 100 um. The entire disclosures of Patent
Documents 1, 2, and 4 are herein incorporated by reference.

Utilizing an anodized porous aluminum film can facilitate
the fabrication of a mold which is used for formation of a
moth-eye structure over a surface (hereinafter, “moth-eye
mold”). In particular, as described in Patent Documents 2 and
4, when the surface of the anodized aluminum film as formed
is used as a mold without any modification, a large effect of
reducing the manufacturing cost is achieved. The structure of
the surface of a moth-eye mold which is capable of forming a
moth-eye structure is herein referred to as “inverted moth-eye
structure”.

A known antireflection film manufacturing method with
the use of a moth-eye mold uses a photocurable resin. Firstly,
a photocurable resin is applied over a substrate. Then, an
uneven surface of a moth-eye mold which has been provided
with a mold release treatment is pressed against the photo-
curable resin in vacuum. Thereafter, the uneven structure is
filled with the photocurable resin. Then, the photocurable
resin in the uneven structure is irradiated with ultraviolet light
so that the photocurable resin is cured. Thereafter, the moth-
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eye mold is separated from the substrate, whereby a cured
layer of the photocurable resin to which the uneven structure
of'the moth-eye mold has been transferred is formed over the
surface of the substrate. The method of manufacturing an
antireflection film with the use of the photocurable resin is
disclosed in, for example, Patent Document 4.

Non-patent Document 1 discloses an anodization method
wherein an oxalic acid aqueous solution is used as an elec-
trolytic solution, and a mirror-finished surface of an alumi-
num substrate undergoes an anodization with a relatively low
voltage, e.g., 40 V (MA: mild anodization) before an anod-
ization with a relatively high voltage, e.g., 100 V to 160 V
(HA: hard anodization). The subject matter of Non-patent
Document 1 is to form a porous alumina layer that has an
array of micropores which has extremely high regularity by
taking advantage of self organization. Non-patent Document
1 states that a self-organized porous alumina layer of high
regularity with an interpore distance of 220 nm to 300 nm,
which would not obtained by the conventional MA, was suc-
cessfully formed according to the above method. In the MA
step, to prevent occurrence of a breakdown in the HA step, it
is necessary to form a porous alumina layer with a thickness
of not less than 400 nm.

CITATION LIST
Patent Literature

Patent Document 1: Japanese PCT National Phase Laid-
Open Publication No. 2001-517319

Patent Document 2: Japanese PCT National Phase Laid-
Open Publication No. 2003-531962

Patent Document 3: Japanese Laid-Open Patent Publica-
tion No. 2005-156695

Patent Document 4: WO 2006/059686

Non-Patent Literature

Non-patent Document 1: Woo Lee, Ran Ji, Ulrich
Gosele & Kornelius Nielsch, Fast fabrication of long-range
ordered porous alumina membranes by hard anodization,
Nature Materials 20 Aug. 2006, vol. 5, 741-747

SUMMARY OF INVENTION
Technical Problem

The present inventor attempted to form a porous alumina
layer which has an interpore distance of greater than 200 nm
by anodizing an aluminum film (1 pm thick) deposited on a
glass substrate according to the method disclosed in Patent
Document 4, but formation of such a porous alumina layer
failed.

As a result of the researches conducted by the present
inventor, it was found that the aluminum film was an aggre-
gate of crystal grains whose average grain diameter was 180
nm to 190 nm and that the interpore distance of the porous
alumina layer formed over the surface of such an aluminum
film was restricted by the grain diameter of the crystal grains
that formed the aluminum film.

The present invention was conceived for the purpose of
solving the above problems. One of the major objects of the
present invention is to provide a method that enables forma-
tion of a porous alumina layer which has an interpore distance
of a desired magnitude with the use of an aluminum base
which has a surface that is made of aluminum, irrespective of
the surface form. Specifically, the object is to provide a
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4

method that enables formation of a porous alumina layer
which has a large interpore distance, without being restricted
by the grain diameter of crystal grains that form the surface of
the aluminum film.

Solution to Problem

An anodized layer formation method of the present inven-
tion includes the steps of: (a) providing an aluminum base
which has a surface that is made of aluminum; (b) anodizing
the surface to form a barrier-type alumina layer; and (c) after
step (b), further anodizing the surface to form a porous alu-
mina layer which has a plurality of minute recessed portions.
Here, examples of the aluminum base which has a surface that
is made of aluminum include an aluminum base which is
entirely made of aluminum (sometimes referred to as “a bulk
of an aluminum material”). The examples of the aluminum
base also include an aluminum base which is composed of a
substrate that is made of a non-aluminum material (e.g., glass
substrate) and an aluminum film that is formed over the
substrate.

In one embodiment, step (b) is performed in a first electro-
Iytic solution, and step (c) is performed in a second electro-
Iytic solution which is different from the first electrolytic
solution.

In one embodiment, pH of the first electrolytic solution is
more than 3.0 and less than 8.0.

In one embodiment, the first electrolytic solution is an
aqueous solution containing at least one of acids or salts
selected from a group consisting of ammonium tartrate,
potassium sodium tartrate, boric acid, ammonium borate,
ammonium oxalate, ammonium citrate, maleic acid, malonic
acid, phthalic acid, and citric acid.

In one embodiment, the anodization in step (c) is per-
formed with application of a pulse voltage, the pulse voltage
having a pulse width of not more than 200 msec and a pulse
interval of not less than 800 msec.

In one embodiment, the method further includes: (d) after
step (c), bringing the porous alumina layer into contact with
an etching solution, thereby enlarging the plurality of minute
recessed portions of the porous alumina layer; and (e) after
step (d), further performing the anodization to grow the plu-
rality of minute recessed portions.

In one embodiment, step (a) includes providing an alumi-
num film deposited on a substrate.

A mold fabrication method of the present invention is a
method of fabricating a mold which has an inverted moth-eye
structure in its surface using any of the above-described anod-
ized layer formation methods, the mold fabrication method
including the step of forming a porous alumina layer which
has a plurality of minute recessed portions whose two-dimen-
sional size viewed in a direction normal to the surface is not
less than 50 nm. When the mold is used as a mold for manu-
facture of an antireflection film, the two-dimensional size of
the plurality of minute recessed portions is preferably less
than 500 nm when viewed in a direction normal to the surface.

A mold of the present invention is a mold fabricated using
the above-described fabrication method. The mold includes a
porous alumina layer which has an inverted moth-eye struc-
ture in its surface, the inverted moth-eye structure having a
plurality of minute recessed portions whose two-dimensional
size viewed in a direction normal to the surface is not less than
50 nm and less than 500 nm.

An antireflection film manufacturing method of the present
invention includes the steps of: providing the above-de-
scribed mold and a work; and irradiating a UV-curable resin
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provided between the mold and the work with ultraviolet light
through the mold, thereby curing the UV-curable resin.

An antireflection film of the present invention is an antire-
flection film manufactured using the above-described
method, wherein the antireflection film has a plurality of
raised portions in its surface, the plurality of raised portions
having a base whose diameter is not less than 50 nm and less
than 500 nm.

In one embodiment, the second electrolytic solution is an
aqueous solution containing an acid selected from a group
consisting of oxalic acid, tartaric acid, phosphoric acid, chro-
mic acid, citric acid, and malic acid.

In one embodiment, the interval of micropores of the
porous alumina layer is not less than 400 nm.

Advantageous Effects of Invention

According to the present invention, a method is provided
that enables formation of a porous alumina layer which has an
interpore distance of a desired magnitude with the use of an
aluminum base which has a surface that is made of aluminum,
irrespective of the surface form. Specifically, a method is
provided that enables formation of a porous alumina layer
which has a large interpore distance, without being restricted
by the grain diameter of crystal grains that form the surface of
the aluminum film.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 (a) to (¢) are diagrams for illustrating a method of
forming an anodized layer according to an embodiment of the
present invention.

FIG. 2A A graph which represents the relationship between
the applied voltage and the thickness of the barrier-type alu-
mina layer ([7J) and a graph which represents the relationship
between the applied voltage and the thickness of the barrier
layer (#).

FIG. 2B (a) and (b) are cross-sectional SEM images of
barrier-type alumina layers formed with the applied voltages
of 80 V and 100V, respectively.

FIG. 2C (a) and (b) are cross-sectional SEM images of
porous alumina layers formed with the applied voltages of 60
V and 120V, respectively.

FIG. 3 A schematic diagram showing a pulse voltage.

FIG. 4 (a) and (b) are schematic diagrams respectively
showing a case where the anodization was performed with an
aluminum film and an electrode being in contact with each
other in an electrolytic solution and a case where the anod-
ization was performed with an aluminum film and an elec-
trode being in contact with each other outside an electrolytic
solution.

FIG. 5 (a) to (i) show SEM images of the surfaces of the
porous alumina layers of Inventive Examples 1 to 9.

FIG. 6 (a) and (b) show SEM images of the surfaces of the
porous alumina layers of Comparative Examples 1 and 2.

FIG. 7 (a) to (/) show SEM images of the surfaces of the
porous alumina layers of Inventive Examples 10 to 21.

FIG. 8A (a) to (c) show SEM images of the surfaces of the
porous alumina layers of Comparative Examples 3 to 5.

FIG. 8B A graph which represents the relationship between
the thickness and the interpore distance (average value) in the
barrier-type alumina layers of Inventive Examples 1 to 9 (|)
and a graph which represents the relationship between the
thickness and the interpore distance in the barrier-type alu-
mina layers of Inventive Examples 10 to 21 ((J).

FIG. 8C (a) to (c) are schematic diagrams for illustrating a
mechanism through which a porous alumina layer is formed.

5

10

15

20

25

30

35

40

45

50

55

60

65

6

(a), (b), and (c) respectively show a case where a relatively
low voltage is applied without formation of a barrier-type
alumina layer, a case where a relatively high voltage is
applied without formation of a barrier-type alumina layer, and
a case where a relatively high voltage is applied after forma-
tion of a barrier-type alumina layer.

FIG. 9 (a) to (d) are schematic cross-sectional views for
illustrating a method of fabricating a moth-eye mold 100A.

FIG. 10 A schematic cross-sectional view of the moth-eye
mold 100A.

FIG. 11 A schematic cross-sectional view for illustrating
the process of manufacturing an antireflection film with the
use of the moth-eye mold 100A.

DESCRIPTION OF EMBODIMENTS

Hereinafter, a method of forming an anodized layer
according to an embodiment of the present invention is
described with reference to the drawings, although the
present invention is not limited to the embodiment exempli-
fied below. Note that the anodized layer formation method of
the present invention is a method of forming an anodized
layer that has a porous alumina layer in its surface, for
example, which is preferably used in manufacturing an anti-
reflection film that has a moth-eye structure, and is not limited
to a method of forming a porous alumna layer of high peri-
odicity. Rather, it is preferably used for forming an anodized
layer which has a porous alumina layer that has a micropore
arrangement of low regularity. In an example described
herein, an aluminum base used has an aluminum film which is
formed on a substrate (e.g., glass substrate) using a thin film
deposition technique, although the embodiment of the
present invention is applicable to a bulk of an aluminum
material.

The anodized layer formation method of the embodiment
of the present invention includes, as shown in FIGS. 1(a) to
1(c), the step of providing an aluminum base 10 which has a
surface that is made of aluminum (here, an aluminum base 10
including a substrate 16 and an aluminum film 18 deposited
on the substrate 16) (FIG. 1(a)), the step of anodizing the
surface (here, a surface 18s of the aluminum film 18) to form
a barrier-type alumina layer 12 (FIG. 1(5)), and thereafter, the
step of further anodizing the surface 18s to form a porous
alumina layer 14 which has a plurality of minute recessed
portions 14p (FIG. 1(c¢)). The anodized layer formation
method of the embodiment of the present invention has an
advantageous feature in that a porous alumina layer is formed
after a barrier-type alumina layer has been formed. In the
beginning, the differences between the barrier-type alumina
layer and the porous alumina layer are described.

It is known that, when aluminum is anodized, not only the
above-described porous alumina layer which has micropores
but also a barrier-type alumina layer which does not have
micropores may be formed according to the type of the elec-
trolytic solution. If an electrolytic solution which has a prop-
erty to dissolve alumina (an acidic or alkaline aqueous solu-
tion) is used, a porous alumina layer is formed. If an
electrolytic solution which does not have a property to dis-
solve alumina (a neutral or thin acidic aqueous solution) is
used, a barrier-type alumina layer is formed.

The barrier-type alumina layer may be formed, for
example, by anodization in a neutral electrolytic solution
(here, pH is more than 3.0 and less than 8.0). The neutral
electrolytic solution used may be, for example, ammonium
tartrate, boric acid, or sodium borate. The thickness of the
barrier-type alumina layer is generally proportional to the
applied voltage in the anodization.
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FIG. 2A shows a graph in which the thickness of barrier-
type alumina layers which were obtained by anodizing a 1 pm
thick aluminum film deposited by sputtering on a glass sub-
strate with the use of ammonium tartrate (solution tempera-
ture 5° C., concentration 0.1 mol/L (liter)) is plotted ((7J). FIG.
2 A shows the results obtained with applied voltages varied in
the range of 40 V to 270 V. FIG. 2B shows an example of a
cross-sectional SEM image of the barrier-type alumina layer.
FIGS. 2B(a) and 2B(b) are cross-sectional SEM images of
barrier-type alumina layers formed with applied voltages of
80V and 100 V, respectively. Note that the thickness of the
barrier-type alumina layer plotted in FIG. 2A was obtained
from the cross-sectional SEM image.

As seen from FIG. 2A, when the applied voltage was in the
range of 40 V to 270 V, barrier-type alumina layers having
thicknesses of about 50 nm to 340 nm were formed. The
thickness of the barrier-type alumina layer was generally
proportional to the applied voltage (proportionality constant:
about 1.3 nm/V). It is said that the limit of the applied voltage
for formation of a barrier-type alumina layer is 500 V to 700
V. This is because, if the applied voltage is excessively high,
dielectric breakdown may occur.

As seen from the cross-sectional SEM image of FIG. 2B,
the barrier-type alumina layer is formed over the surface of
the aluminum film (over the surfaces of the respective crystal
grains) so as to have a generally uniform thickness.

The porous alumina layer is obtained by anodizing alumi-
num using, for example, an acidic electrolytic solution as
described above. The porous alumina layer includes a porous
layer 14a which has a plurality of micropores 14p and a
barrier layer 145 formed at the bottoms of the micropores as
schematically shown in FIG. 1(c). The acidic electrolytic
solution used may be, for example, sulfuric acid, oxalic acid,
chromium acid, or phosphoric acid.

In general, the mechanism through which a porous alumina
layer is formed by anodization with a constant applied voltage
is explained with the following four separate modes I to IV.

Mode I: In the early phase of the anodization, a thin barrier
layer is formed on the aluminum surface. If the aluminum
surface is smooth, a smooth, thin barrier layer is formed
uniformly. The total electric current density monotonically
decreases.

Mode II: In the process through which the thickness of the
barrier layer increases, an uneven structure is formed in the
surface due to volume expansion of the barrier layer. If the
uneven structure is formed in the surface, the distribution of
the intensity of an electric field applied to the barrier layer
accordingly becomes nonuniform (at the same time, the dis-
tribution of the electric current density also becomes nonuni-
form). As a result, local dissolution occurs.

Mode I1I: In the recessed portions in which the electric field
concentrates, the dissolving power of the electrolytic solution
increases due to the electric field and/or a local temperature
increase. so that micropores are formed. The bottom of the
micropore has the shape of a bowl, so that the area of an
interface at which dissolution occurs increases. As a result,
the total electric current density increases.

Mode IV: Growth of some of the micropores stops, while
the other micropores continue to grow. The number of
micropores becomes constant, and the growth stably contin-
ues. The total electric current density decreases again. At this
timing, the thickness of the barrier layer would not change.
The thickness of the barrier layer depends on the applied
voltage in the anodization.

The present inventor prepared porous alumina layers by
anodizing a 1 um thick aluminum film, which was deposited
on a glass substrate by sputtering, with the use of an oxalic
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acid aqueous solution (concentration 0.6 wt %, solution tem-
perature 5° C.). FIG. 2A shows a graph in which the thickness
of the barrier layers of the prepared porous alumina layers is
plotted (#). FIG. 2A shows the results obtained with varying
applied voltages for the anodization in the range from 40V to
160 V. Also, examples of cross-sectional SEM images of the
porous alumina layers are shown in FIG. 2C. FIGS. 2C(a) and
2C(b) show cross-sectional SEM images of porous alumina
layers with the applied voltages of 60 V and 120 V, respec-
tively. Note that the thickness of the barrier layer was
obtained from the cross-sectional SEM images.

As seen from FIG. 2A, in the range of the applied voltage
from 40 V to 160V, a barrier layer which had a thickness of
about 50 nm to 170 nm was formed. The thickness of the
barrier layer was generally proportional to the applied voltage
(proportionality constant: about 1.07 nm/V). Note that, when
a DC voltage of higher than 160 V was applied, a dielectric
breakdown occurred.

It is known that the magnitude of the interpore distance in
aporous alumina layer which is obtained as a result of a stable
micropore growing process depends on the magnitude of the
applied voltage. In that case, the interpore distance D, , is
expressed by the sum of the entire thickness of the pore walls,
2a, and the pore diameter, D, (see FIG. 1(c). Note that the
thickness of the pore wall is equal to the thickness of the
barrier layer, a, and therefore, the entire thickness of the pore
wall that intervenes between two micropores is represented
by the entire thickness, 2a.) Note that D,, is smaller than 2a,
and therefore, it is approximately estimated that D, =2a.

However, in porous alumina layers which correspond to
the respective points (#) plotted in FIG. 2A, the interpore
distance D, and the applied voltage did not satisfy the above-
described relationship. Specifically, the interpore distance
D,,,, was not proportional to the applied voltage and did not
exceed a predetermined value, although the thickness of the
barrier layer was proportional to the applied voltage. As will
be described later with experimental examples, when oxalic
acid was used as the electrolytic solution, the surface of the
aluminum film was anodized under the conditions from
which formation of a porous alumina layer with an interpore
distance of not less than 200 nm was expected in view of the
above-described relationship, but the resultant interpore dis-
tance did not exceed about 180 nm to 190 nm. For example, as
seen from the SEM images of the porous alumina layers of
Comparative Examples 1 and 2 shown in FIG. 6, the black
spots, corresponding to micropores, were formed at positions
corresponding to boundaries (grain boundaries) of crystal
grains that form the aluminum film. Note that the aluminum
film deposited on the substrate was an aggregate of crystal
grains. The average grain diameter of the crystal grains was
approximately 180 nm to 190 nm.

It was found that the interpore distance of the porous alu-
mina layer obtained by anodizing the surface of the aluminum
film as described above is restricted by the grain diameter of
the crystal grains that form the aluminum film. The reasons
for this are described below.

The grain boundaries in the aluminum film form recessed
portions at the film surface. Therefore, a surface of the barrier
layer formed in Mode I and Mode II which have previously
been described also has recessed portions at the positions
corresponding to the grain boundaries. As a result of concen-
tration of the electric field, micropores grow preferentially at
the positions corresponding to the grain boundaries. There-
after, even if the anodization advances, preferential dissolu-
tion continues to advance in the micropores formed at the
positions corresponding to the grain boundaries.
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Specifically, when a flat surface of aluminum is anodized,
the barrier layer grows till it has recessed portions which can
cause concentration of the electric field such that local disso-
Iution occurs, before the process transitions to Mode III. On
the other hand, however, when an aluminum film which has
grain boundaries is anodized, concentration of the electric
field occurs inrecessed portions that are attributed to the grain
boundaries, and the process transitions to Mode III. There-
fore, the thickness of the barrier layer in transition to Mode 111
(sometimes referred to as “t,,”) is smaller in the case of the
aluminum film with grain boundaries than in the case of an
aluminum material with a flat surface.

The interpore distance which is restricted by the grain
boundaries may vary depending on the type of the electrolytic
solution. As a result of experiments, when oxalic acid was
used, the interpore distance was generally corresponding to
the average grain diameter. When tartaric acid was used,
however, the interpore distance was restricted to a value
which was generally twice the average grain diameter. This is
because the power to dissolve alumina varies depending on
the type of the electrolytic solution.

The present inventor acquired the knowledge that, by form-
ing a barrier-type alumina layer 12 prior to the anodization
that is performed for the purpose of forming the porous alu-
mina layer on the surface of the aluminum film, the interpore
distance is prevented from being restricted by the diameter of
crystal grains that form the aluminum film, and reached the
concept of the present invention. Hereinafter, a method of
forming an anodized layer according to an embodiment of the
present invention is described in detail with reference to
FIGS. 1(a) to 1(c).

Firstly, as shown in FIG. 1(a), an aluminum base 10 which
includes an aluminum film 18 deposited on a glass substrate
16, for example, is provided. The aluminum film 18 is formed
by means of vacuum evaporation or sputtering, for example.
The thickness of the aluminum film 18 is, for example, 1 pm.
The average grain diameter of crystal grains that form the
aluminum film 18 may be approximately 180 nm to 190 nm.

Then, as shown in FIG. 1(5), the surface of the aluminum
base 10 (the surface 18s of the aluminum film 18) is anodized,
whereby a barrier-type alumina layer 12 is formed. The elec-
trolytic solution used may be, for example, a neutral electro-
Iytic solution (with pH of more than 3.0 and less than 8.0).
The neutral electrolytic solution may preferably be an aque-
ous solution containing at least one of the acids or salts
selected from the group consisting of ammonium tartrate,
potassium sodium tartrate, boric acid, ammonium borate,
ammonium oxalate, ammonium citrate, maleic acid, malonic
acid, phthalic acid, and citric acid. For example, as in Inven-
tive Example 1 which will be described later, the anodization
is performed with the applied voltage of 80 V for 2 minutes
using an aqueous solution of pH 6.5 which is at the solution
temperature of 23° C. and which contains ammonium tartrate
at the concentration of 0.1 mol/L., whereby a barrier-type
alumina layer 12 with a thickness of about 100 nm can be
formed. The thickness of the barrier-type alumina layer 12
may be altered by modifying the magnitude of the applied
voltage as described above.

The thickness of the barrier-type alumina layer 12 may be
appropriately determined according to an intended interpore
distance as will be described later with experimental
examples. By forming the barrier-type alumina layer, the
interpore distance of the porous alumina layer that is formed
after the formation of the barrier-type alumina layer is pre-
vented from being restricted by the crystal grain diameter.
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Also, by modifying the thickness of the barrier-type alumina
layer 12, the interpore distance of the porous alumina layer
can be adjusted.

Then, as shown in FIG. 1(¢), the aluminum film 18 is
further anodized, whereby a porous alumina layer 14 which
has a plurality of micropores 14p is formed. The electrolytic
solution may be an aqueous solution which contains, for
example, an acid selected from the group consisting of oxalic
acid, tartaric acid, phosphoric acid, chromic acid, citric acid,
and malic acid. The type of the electrolytic solution and the
applied voltage affect the interpore distance of the porous
alumina layer.

In the example illustrated in FIG. 1(c), for the sake of easy
understanding, D, =T, =2a holds true, where a is the thick-
ness of the barrier layer, D,,, is the interpore distance, and T,,
is the thickness of the pore wall. As will be described later in
the inventive examples, in a porous alumina layer which is
obtained according to the anodized layer formation method of
the present invention, D,,,=2a does not necessarily hold true.

For example, as in Inventive Example 1 which will be
described later, after the formation of the above-described
barrier-type alumina layer 12 that has a thickness of about 100
nm, the anodization is performed with an applied pulse volt-
age (amplitude 150V, pulse width 10 msec, pulse interval 1
sec) for 2 minutes using an oxalic acid aqueous solution
(concentration 0.6 wt %, solution temperature 5° C.),
whereby a porous alumina layer 14 whose average interpore
distanceis 216.5 nm is obtained. Note that the thickness of the
porous alumina layer may be appropriately changed. The
aluminum film 18 may be entirely anodized.

Now, the function and the effects of the barrier-type alu-
mina layer are described. The description provided below is a
consideration based on the facts that were experimentally
confirmed by the present inventor, which is provided for aid in
understanding the present invention and to which the present
invention is not limited.

As previously described with reference to the cross-sec-
tional SEM image of FIG. 2B, the barrier-type alumina layer
is formed over the surface of the aluminum film (the surfaces
of the respective crystal grains) so as to have a generally
uniform thickness.

Thereafter, the anodization is performed under the condi-
tions determined for formation of a porous alumina layer. The
conditions employed in this step are such that the thickness a
of a barrier layer 145 included in a porous alumina layer 14
which is to be formed in this step is greater than the thickness
of the barrier-type alumina layer which has already been
formed. If the conditions employed in this step were such that
the thickness a of the barrier layer 145 included in the porous
alumina layer 14 which is to be formed in this step is smaller
than the thickness of the barrier-type alumina layer which has
already been formed, the anodization would not advance.
This is because the electric current is not sufficiently supplied
to the aluminum film.

Asunderstood from the above, the interpore distance of the
porous alumina layer that is formed after the formation of the
barrier-type alumina layer is greater than the interpore dis-
tance of a porous alumina layer which includes a barrier layer
whose thickness is equal to that of the barrier-type alumina
layer. Furthermore, since the interpore distance of the porous
alumina layer is proportional to the applied voltage, the inter-
pore distance increases as the applied voltage increases.

Here, the aluminum film was anodized under such condi-
tions that a porous alumina layer may be formed without
formation of the barrier-type alumina layer. The applied volt-
age was increased so as to exceed a predetermined value, but
the interpore distance of the formed porous alumina layer was
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restricted by the crystal grain diameter. This is because, in
Mode II which has previously been described, the electric
field concentrates in recessed portions of the barrier layer
which are formed at the positions corresponding to the grain
boundaries.

On the other hand, in the anodized layer formation method
according to an embodiment of the present invention, at the
timing of performing the anodization for formation of the
porous alumina layer, a barrier-type alumina layer has already
been formed to a predetermined thickness or greater (here,
100 nm). See FIG. 2B. Therefore, it is inferred that the degree
of concentration of the electric field in the recessed portions
of the barrier-type alumina layer which are formed at the
positions corresponding to the grain boundaries of the alumi-
num film is smaller than the degree of concentration of the
electric field in the recessed portions of the barrier layer in
Mode II in the case where a porous alumina layer is directly
formed over the surface of the aluminum film (in the barrier-
type alumina layer, the recessed portions have a smaller cur-
vature and a greater thickness), and the processes of Mode 111
and Mode IV advance through a mechanism which satisfies
the above-described relationship between the applied voltage
and the interpore distance. Note that, even when a barrier-type
alumina layer is formed beforehand, the electric field concen-
trates in recessed portions in the process of forming a porous
alumina layer, and therefore, micropores are readily formed
at the positions corresponding to the grain boundaries. The
interpore distance increases depending on the thickness of the
barrier-type alumina layer which has been formed before-
hand.

According to the anodized layer formation method of the
embodiment of the present invention, the porous alumina
layer is formed after the barrier-type alumina layer has been
formed. Therefore, the interpore distance of the porous alu-
mina layer can be controlled without being restricted by the
crystal grain diameter of the aluminum film. The interpore
distance of the porous alumina layer can also be controlled
notonly by modifying the magnitude ofthe applied voltage in
formation of the porous alumina layer but also by regulating
the thickness of the barrier-type alumina layer that is formed
beforehand. In other words, the interpore distance of'an anod-
ized layer that is to be finally obtained by the anodized layer
formation method of the embodiment of the present invention
(i.e., porous alumina layer) does not satisfy, in general, the
above-described relationship with the voltage which is
applied in the step of forming the porous alumina layer, and
also, does not satisfy in general the above-described relation-
ship with the thickness of the barrier layer (note that the
barrier-type alumina layer that is formed beforehand is
included in the barrier layer of the porous alumina layer that
is to be finally obtained).

Now, a preferred voltage application method in the step of
forming the porous alumina layer is described.

The anodization step for formation of the porous alumina
layer is preferably performed with application of a pulse
voltage which is schematically shown in FIG. 3. By applying
apulse voltage, occurrence of breakage (a conduction failure
which interrupts a current flow through an aluminum film),
which will be described below, can be prevented. To increase
the interpore distance of the porous alumina layer, it is nec-
essary to increase the applied voltage, and therefore, it is
necessary to prevent occurrence of breakage. The present
inventor carried out the anodization with an applied voltage of
200V according to a direct current anodizing method under
two different conditions as schematically shown in FIGS.
4(a) and 4(b) and detected occurrence of breakage.
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FIG. 4(a) is a diagram showing a case where the anodiza-
tion was performed with the aluminum film 18 and the elec-
trode 52 being in contact with each other in an electrolytic
solution. FIG. 4(b) is a diagram showing a case where the
anodization was performed with the aluminum film 18 and
the electrode 52 being in contact with each other outside an
electrolytic solution. In each case, the anodization was car-
ried out using a 0.6 wt % oxalic acid aqueous solution at the
solution temperature of 5° C. with an applied voltage of 200
V. The electrode 52 used was aluminum foil.

When the anodization was performed with the aluminum
film 18 and the electrode 52 being in contact with each other
in the electrolytic solution (FIG. 4(a)), breakage occurred at
the interface between the aluminum film 18 and the electrode
52. At the interface, the current density is high so that the
anodization advances faster. If the current density is high, a
large amount of Joule’s heat is generated. Therefore, the
anodization reaction is further enhanced. As a result, it is
inferred that, part of the aluminum film at the interface and in
the vicinity of the interface was oxidized in the thickness
direction faster than the other part of the aluminum film, and
breakage occurred in this part.

When the anodization was performed with the aluminum
film 18 and the electrode 52 being in contact with each other
outside the electrolytic solution (FIG. 4(b)), breakage
occurred at the liquid surface 54 of the electrolytic solution.
At the liquid surface 54, the current density is high so that the
anodization advances faster. When the current density is high,
a large amount of Joule’s heat is generated, so that the anod-
ization reaction is further enhanced. As a result, it is inferred
that, part of the aluminum film at the liquid surface 54 of the
electrolytic solution and in the vicinity of the liquid surface 54
was oxidized in the thickness direction faster than the other
part of the aluminum film, and breakage occurred in this part.

Ineach of the anodization processes which were performed
under the above-described two conditions, breakage
occurred, and accordingly, the anodization was interrupted,
so that the surface of the aluminum film was not entirely
anodized.

By applying the pulse voltage schematically shown in FI1G.
3, the increase of the current density can be hindered. Also, by
applying the pulse voltage, generation of Joule’s heat is
allowed to occur intermittently. Thus, the advancement of the
anodization at the above-described interface or liquid surface
can be delayed, so that occurrence of breakage can be pre-
vented. By using the pulse voltage, the entire surface of the
aluminum film 18 was successfully anodized with an applied
voltage in the amplitude (peak value) range of not less than 40
V and not more than 400 V, without occurrence of breakage.

As shown in FIG. 3 where t is the pulse width of the pulse
voltage and T is the pulse interval, when the step of forming
the porous alumina layer is performed using an oxalic acid
aqueous solution, it is preferred that the pulse width t is not
more than 200 msec, and the pulse interval T is not less than
800 msec. This is because, when the 